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Ab initio total-energy density functional theory is used to investigate the low temperafliye
monoclinic form of MgNiH,. The calculated minimum energy geometry of LT NjH, is close

to that determined from neutron diffraction data, and the Nddmplex is close to a regular
tetrahedron. The enthalpies of the phase change to high tempefidfirpseudo-cubic MgNiH,

and of hydrogen absorption by MNi are calculated and compared with experimental values. LT
Mg,NiH, is found to be a semiconductor with an indirect band gap of 1.4 eV. The optical dielectric
function of LT Mg,NiH, differs somewhat from that of the HT phase. A calculated thin film
transmittance spectrum is consistent with an experimental spectrur@002 American Institute of
Physics. [DOI: 10.1063/1.1454206

I. INTRODUCTION an accompanying 32% increase in volume. The primary cell
Th lic nickel . I i absorb of LT Mg,NiH,, containing 56 atoms is quite large fab
e metallic nickel-magnesium alloy MYi absorbs i uiq cajculation. Calculations for such systems have re-

lhydrog(_enh'io fo(;rr;lgimr:cznductlng Mt'g"_t"" Bflca#se gf Its cently become practical through the advances of algorithms
jow weignt and high hydrogen content, MyH, has €N and development of parallel supercomputers. The current
intensively investigated both theoretically and experimen- ! . .
tally as a hydrogen storage material. Recently RichardsoﬁtlJOly .rep.resents our first step towarfjs the direct theorencal
reported that thin nickel-magnesium films can behave aslnvesnganon Of_ these complex hydride systems via large-
switchable mirrors. A magnesium-rich Mg—Ni film of suffi- scale computa’cllgns. died ) hich )

cient thickness reflects or absorbs all incident light. Upon Garcia et al. Stl_J e HT MQN'H‘}’ whic .contaln.s
exposure to gaseous hydrogen or on cathodic polarization RcV€" atoms per primary unit Cell, using density fqnct|0nal
an alkaline electrolyte, the film becomes transpafe@n  theory. The structure of HT M&\iD, has been studied by

. . ’10 e .
subsequent exposure to air, or when polarized anodically, th@eutron diffractiort:* The metal atoms exhibit an antifiuo-
film reverts to its original metallic state. rite arrangement, with Nildunits surrounded by Mg at the

Mg,NiH, transforms from a high temperatugeT) cu-  corners of a cube. The precise location of the deuterium at-
bic structure to a low temperatu[(e_'r) monoclinic phase oms, however, could not be determined. USing a local den-
between 245 and 210 °CSignificant structural and elec- Sity approximation(LDA) of the density functional theory,
tronic differences may exist between the HT and LT phasegGarciaet al. found that the 4 H atoms surrounding the Ni
Most previous studies, especially theoretical calculattofis, atom form a distorted tetrahedron. The calculated length of
have concentrated on the simpler HT phase, which has sevéhe Ni—H bond is about 1.548 A, in reasonable agreement
atoms per unit cell. The ambient temperature electrochromiwith the neutron diffraction results. That work demonstrates
application of MgNiH, suggests the need for theoretical in- the usefulness of density functional calculations in studying
vestigation of the LT phase, especially of its electronic andsuch systems. Here we apply the technique to LL,INH,.
optical properties. In this work we us® initio calculations The issues we wish to address concerning LT,Nig,
to investigate the LT MgNiH, (Z=8), including the atomic  are(1) The equilibrium atomic structure for comparison with
positions, formation enthalpy relative to Mdi and HT  experimental x-ray and neutron diffraction resul initio
Mg,NiH,, electronic band structure, and optical spectrum. | DA calculation has become a standard theoretical tool in

~ When hydrogen is absorbed by Mg beyond 0.3 H per  recent years to investigate such structure information. While
unit formula, th_e system undergoes a _structu_ral rearranggzarcia found that t 4 H atoms in HT MgNiH, form a
ment to the stoichiometric complex hydride MyH,, with  gistorted tetrahedron around Ni, the neutron diffraction data
for LT Mg,NiH, are consistent with a nearly ideal NjH
dElectronic mail: tjrichardson@Ibl.gov tetrahedron(2) The enthalpy of formation of LT MgNiH,
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from MgyNi (+2H,) and from HT MgNiH,. This can be -.—_-:.ﬁ::: ::: 2= oy
calculated from the total energies of the respective materials ! b,
and compared directly with experimental values. Further in-
vestigation in the future along this line may illuminate the
mechanism of hydrogen uptake by bM\j, which is impor- o S— L OH
tant for both hydrogen storage and electrochromic applica-@=<=----____ ‘,'

tions. (3) The electronic structure and optical properties of @ ®)
LT Mg,NiH,. Garcia showed that the NjHconfiguration

has a significant effect on the band structure of HTRG. 1. Local atomic structures 6 HT cubic MgNiH, and(b) LT mono-
Mg,NiH,, with the lowest energy configuration being semi- clinic Mg,NiH,.

metallic. Here we compare the electronic band structure of

LT Mg,NiH, to that calculated by Garcia for HT MiiH,.

We also compute optical properties of both phases and com!!- COMPUTATIONAL METHODS

pare them to an experimental thin film transmission measure-  The local density approximatiofLDA)'*** was em-

ment. ployed to calculate total energies and electronic structures in
We performed calculations using two different computa-a manner similar to the work of Gardia plane wave(PW)
tional methods: full potential linear augmented plane waveyasis was used to describe the wave functions with a kinetic
(LAPW) and pseudopotential plane waWeW). These two  energy cutoff of 67 Ry. Trouillier—Martins norm conserving
methods use different basis sets for the wave functions aﬂgseudopotentia}g were used to remove the core electrons

treat the real space charge density and potential differentlfrom the calculations. Kleinman—Bylander nonlocal pseudo-
While LAPW is generally considered to be the more renablepotentia|5 in the p|ane wave COdBEtOD,lG imp|emented in

of the two and is often used for transition metal CalCUlationSrea| space, were used in the calculations. A Conjugate-

it scales poorly for larger systems. To test the reliability ofgradient algorithm was used to converge the electronic

the PW method we have first ComparEd the LAPW and P\/\étatesl,7 and a Pu|ay_Kerker Charge mixing scheme was

methods for smaller systente.g., HT MgNiH,). used to calculate the self-consistent charge density. After the
Hellman—Feynman forces of the atoms were calculated, the
Broyden—Fletcher—Goldfarb—Shann@FGS algorithm'®
was used to relax the atomic positions. Since neithesNilg

II. STRUCTURAL DIFFERENCES BETWEEN HT AND nor its hydride is magnetit, we have used LDA instead of

LT Mg,NiH, the local spin density approximation. To compare the total
energies for different crystal structures, we have used an

The atomic structure of HT Md\iH, has not been com- equivalentk-point sampling schenf@. This guarantees that
pletely determined by diffraction methods due both to thedifferent structures are treated equivalently. Specifically, we
incompatibility of the NiH, unit with the cubic space group have used X4X4, 2X2X2, and 4<4X4 Monkhorst—
Fm3m and to the relationship between the neutron scatteringack k-point grids for MgNi, LT Mg,NiH,, and HT
lengths for Mg and Ni! It is clear, however, that Mg and Ni Mg,NiH,, respectively. After application of symmetry op-
adopt an antifluorite arrangement, and that all four H atomerations, these correspond to 14, 8, and 16 rediqaaints.
surround the Ni atom. Specifically, with Ni at the origin, the Since MgNi is a metal, itsk-point density is higher than of
hydrogen atoms occupy positionsd ¢osa,0d sina), HT or LT Mg,NiH,. To calculate the density of states and
(0,d cosa,—dsina), (—dcose,0dsina), and (0O;-dcosa,  optical properties, the converged systems were recalculated
—dsina) whered is the nickel-hydrogen bond distance and using densek-point grids: 6<6X 6 for Mg,Ni, 4 X 4X 4 for
a is a Ni—H bond bending angle as in Ref. 8. Using theLT Mg,NiH,, and 8<8X8 for HT Mg,NiH,. The tetrahe-
experimental lattice constant of 6.507 A, Garcia examinediral interpolation methdd was used to integrate over the
the effect of varyingd and a on the total energy using the first Brillouin zone based on the results from the above
LAPW programwien97.X? The calculated value ofl was  k-point grids. The imaginary part of the dielectric constant
1.548 A, which compares well with the experimental valuewas obtained by considering direct electronic transitfdns.
for the deuteride, MgNiD,, of 1.49 Al® » was found to be The Kramers—Kronig relations yield the real part of the di-
21.8°. This corresponds to a flattened tetrahedron that islectric constant. We computed the directional average of the
closer to a planar structure than to a regular tetrahedron. Thidielectric constant for comparison with a polycrystalline thin
result is illustrated in Fig. @B). film.

The structural differences between HT and LT JMgH 4 The computer program PEfdtwas used in the current
[Fig. 1(b), Ref. 10, data for the deuteriflare substantial. calculation. It is parallelized based on a distribution of the
The Cah-type arrangement of the metal atoms is retainedplane wave coefficients to different processdrslsing an
but with considerable distortion. The NjHinit, however, is efficient parallelized fast Fourier transformati@eFT) sub-
close to a regular tetrahedron, with Ni—H bond lengths fromroutine, the program was run on 100 processors using a Cray
1.519 to 1.572 Alaverage 1.54and H—Ni—H bond angles T3E at the National Energy Research Scientific Computing
averaging 109.4°. The eight NjHcomplexes in each unit Center(NERSQ at Lawrence Berkeley National Laboratory.
cell are crystallographically equivalent, but have four differ- Thousands of processor hours were required to optimize the
ent orientations with respect to the crystal axes. atomic structure of LT MgNiH,.
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TABLE I. Energy(eV per formula unitas a function of hydrogen atom configuration in HT JigH, , relative
to the distorted tetrahedral LAPW minimum energy structure. The correct LAPW energies are a factor of 4
higher (see Ref. 31Lthan those in Ref. 8.

Hydrogen geometry d(R) a (deg PW energy LAPW enerdy
Square planar 1.548 0.0 0.507 0.352
Distorted tetrahedral LAPW 1.548 21.8 0 0
Distorted tetrahedral PW 1.561 23.6 -0.012

Tetrahedral 1.516 35.3 0.203 0.260

®Reference 8.

IV. CRYSTAL STRUCTURE AND ENERGY B. LT Mg,NiH,

MINIMIZATION . - .
No previous ab initio structural calculations of LT

A. HT Mg,NiH, Mg,NiH, appear to have been performed. This is probably
because of the high computational requirement to relax a

oSystem with 56 atoms and 20 independent degrees of free-

but instead of using the LAPW method, we use the pseud X : ) ) n
potential PW method. For electronic structure calculationdom: Starting with the experimental atomic positféhand
fixing the lattice constants of the unit cell, we minimized the

involving transition metals, LAPW methods are used more

often than pseudopotential PW methods and are consider&d'€ray by first relaxing the hydrogen atoms, then relaxing all
to be more reliable. The LAPW methotincluding the atoms in the structure. Because the atoms started relatively

WIENS7 codd, however, does not scale favorably with the far from their minimum energy positions and because of the

size of the system and the number of the processors in large system size, this computation required dozens of line

parallel machine. Thus we found it more efficient to study LTit€rations and thousands of processor hours to complete.
Mg,NiH, using the pseudopotential PW method. This re-While the only constraint on atomic motion was the preser-

quired us to use a high kinetic energy cut(g Ry) for the vation of inversion symmetry, the relaxed atomic positions

PW basis. We calculated the energies of the three structurd@@intained space group2/c. Relaxation reduced the energy
with different NiH, configurations considered in Ref. 8. The of LT Mg,NiH, by 0.059 eV/formula unit fron_1 the expert-
results are compared with Garcia's LAPW results in Table | mental structure. In Table Il the relaxed atomic positions are
The tetrahedral structures were optimized according to theffompared with the experimentahitial) values. The overall

total energies. The energy orders of the three structures afsucture of LT MgNiH, was preserved, with no change in

the same for LAPW and PW calculations: distorted tetraheSYmmetry. The maximum shift in atom position is about 0.14

dral is lowest, followed by undistorted tetrahedral, and therf* for H, 0.06 Afor Ni, and 0.12 A for Mg. The Nil unit in

by square planar. For the distorted tetrahedral structure, tH8€ Minimum energy configuration is nearer to a regular tet-
geometries from LAPW and PW are very similar: LAPW rahedron than in the experimental structure, with a narrower
gave 1.548 A, 21.8° fod anda, while PW gave 1.561 A and ange of Ni—H distances and anglesble Iil).

23.6°. While there is some disagreement in the energy dif-

ferences between structures calculated by the two method&, Ma.Ni

we believe the PW method is adequate for this application.”™ 92
Note that there are considerable uncertainties in the experi- We also calculated the atomic structure of }Mgfor use
mental determination of the LT structure, much like in thein calculating the enthalpy of formation of MyiH,. Al-
HT case. Therefore theoreticab initio calculations can be though Garciat al. calculated a hypothetical cubic antifluo-
very useful here. rite form of Mg,Ni, there appear to be no previoab initio

Here we have repeated the calculation of Gastial,

TABLE Il. Experimental and minimum energy structures of LT NiiH, with space grouC2/c. The experi-
mental monoclinic cell constanisee Ref. 25a=14.343 A, b=6.4038 A, c=6.4830 A, andB=113.52°
were used in both cases, y, zare atomic coordinates in terms of lattice vectard, c

Experimental LDA minimum energy structure
X y z X y z

Ni in (8f) 0.11946) 0.230811) 0.083212) 0.1206 0.2267 0.0762
Mg (1) in (8f) 0.265210) 0.482724) 0.075422) 0.2659 0.4839 0.0890
Mg (2) in (4e) 0 0.014433) 0.25 0 0.0285 0.25
Mg (3) in (4e) 0 0.513031) 0.25 0 0.5316 0.25
H (1) in (8f) 0.211314)  0.299526)  0.303728) 0.2094 0.3018 0.3009
H (2) in (8f) 0.136Q12) 0.136318) 0.881123) 0.1393 0.3233 0.8763
H (3) in (8f) 0.010%11) 0.286819) 0.053722 0.0126 0.2922 0.0586
H (4) in (8f) 0.130612) 0.995@23) 0.081523) 0.1244 0.9871 0.0667
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TABLE Ill. Comparison of experimentakee Ref. 2band minimum energy LT MgNiH, structures.

Experimental LDA minimum energy

Energy(eV/formula uni} 0 —0.059

Ni—H (1) bond length(A) 1.572 1.579

Ni—H (2) bond length(A) 1.524 1.553

Ni—H (3) bond length(A) 1.538 1.565

Ni—H (4) bond length(A) 1.519 1.537

Smallest H-Ni—H bond angl€) 103.4, H(1) to H (4) 107.8, H(1) to H (2)
Largest H—Ni—H bond angl€) 119.3, H(1) to H (3) 111.3, H(1) to H (3)

calculations for the hexagonal form. This is a layered struciiH, units to have the same orientation. Neutron scattering
ture with 12 Mg atoms and 6 Ni atoms per cell as shown indat&? indicate that the positions of the hydrogen atoms in the
Fig. 2. There are six layers parallel to tRe plane per unit HT phase fluctuate around the central Ni atom with a time
cell. Every other layer contains nickel atoms, occupying thescale of 10''s. It therefore seems possible that a lower
fixed 3b and 3 lattice sites of space group6,22 and form-  energy HT phase could be formed by expanding the unit cell
ing chains of strongly bonded Ni atoms. The Mg atoms oc-and allowing the NiH units to assume different spatial ori-
cupy lattice sites band 6f, whose locations are determined entations.

by the free parametersandz, respectively. Starting with the

experimentally determined atom positiéhand fixing the g Enthalpy of hydrogen absorption

lattice constants, we minimized the total energy with respect ) ) ]

to the Mg atom positions. Table IV shows that the PW mini-  The heat of formation of MgNiH, from H, and MgNi
mum energy configuration is nearly identical to the structurésan also be calculated. We computed the energy,ajas by

obtained by neutron diffraction and that relaxing the atomicusing @ 6.3 A cubic supercell containing two H atoms sepa-
positions had little effect on the total energy. rated by 0.741 A. The computed enthalpy of hydrogen ab-

sorption to form «=21.8° HT MgNiH, is AH=
—2.06 eV per formula unit. Relaxing the atomic positions
using the PW method changes this value by only 0.01 eV
A. Enthalpy of LT to HT phase transformation (Table ). Experimental enthalpies range fromH=

_ _ 27
A moderate amount of heat is required to convert the 0.0980 to—1.36 eV per formula und!

monoclinic LT phase of MgNiH, to the cubic HT phase.

The enthalpy of this phase change can be calculated by tak.!: ELECTRONIC STRUCTURE AND OPTICAL
ing the difference of the computed energies of each phasg.RopERTIES

Comparing the unrelaxe@xperimental LT Mg,NiH, struc- A, Electronic structure of Mg  ,NiH,

ture with the LDA minimum energy configuration of the HT L
phase yieldd\H=0.325+0.03 eVgpyer forrgula unit. The un- . The calculated band structure of LT MgiH, is shown

certainty reflects the estimated convergence of the ener eclzil%écg(;)'Iaftilccrae\?(raifsrireesBcr)lrlllgiur:n tzoo?heeelgge :;:r;% the
difference with respect to the plane-wave cutoff energ P P 9 g aa,

(compared to a 85 Ry cutoff calculatipand the number df while K2 is the 'B.rillouir_l zone edge in the direction of th?
points (compared to a 33X 3 LT k-point grid calculatioh unique mqnocllmc axis. The band structure of Cl.Jb'C
if we include the energy change in LT MiiH, upon atomic Mg,NiH, with an undistorted tetrahedral hydrogen configu-
relaxation we obtai\H=0.385 eV per formula unit.
Experimental values vary fromH=0.068 to 0.086 eV
per formula uni’ much smaller than the calculated value.
One possible explanation for this discrepancy is that the HT
structure considered by Gar@aal. is not the lowest energy
cubic MgNiH, structure. In the LT structure of MdliH,,
the eight NiH, complexes have four different orientatiofts,
while the symmetry assumed for the HT structure forces all

V. ENTHALPY CALCULATIONS

oMy

TABLE V. Experimental and minimum energy configurations of Mg
Energy in eV per formula unit. The experimental lattice constésee Ref.
24) a=5.205 A andc=13.236 A were used in both casesandz are the

unconstrained coordinates of the Mg atoms i(x62x,0) and 6‘(%,0,2).

Q Ni

X z Relative energy
Experimental 0.16206) 0.11878) 0
PW minimum energy 0.1616 0.1179 —0.000 20

FIG. 2. Crystal structure of MgNi (after Ref. 26.
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. . o FIG. 5. The imaginary part of the dielectric constans)(vs photon energy
FIG. 3. Electronic band structures for WiH,: (&) LT monoclinic phase  for 4T and LT configurations.

and (b) HT cubic phase with undistorted tetrahedral NiH

trolled by the isolated Nill complex. The interaction be-
tween NiH, pairs and the presence of Kgions play only

ration, calculated using the PW method, is shown in Fig. .
minor roles.

3(b). The latter is nearly identical to the LAPW structure in
Ref. 8. Note that the band gaps in these two structures ar . . .
almost the same, while that of the minimum energy HT§' Opical properties of Mg ,NiH,

Mg,NiH, structure is zer8.The density of states for LT 1. /maginary dielectric constant

Mg,NiH, and undistorted tetrahedron HT WiH, are plot- In Fig. 5 the imaginary part of the dielectric constant
ted in Fig. 4. In both cases, there are four low-lying bandge,) is plotted as a function of photon energy for both HT
per formula unit. These are H states and they are separateghd LT configurations. For the HT phase, we show the results
by a gap from another five occupied bands. These five bandsr the three NiH configurations: square planar, distorted
are the Ni 3l bands. The Mg 8 bands are unoccupied, in- tetrahedror{lowest energy, and undistorted tetrahedron. Be-
dicating that each Mg donates two electrons to the NiH cause the calculations do not include Drude absorption, they
complex. Both LT MgNiH, and undistorted tetrahedron cu- underestimate the low-energy value ©f for the metallic

bic Mg,NiH, are indirect semiconductors. In LT MNiH,, square planar hydrogen configuration. The other three struc-
the indirect gap occurs halfway betweé&nand K2 in the tures have optical band gaps ranging from 1.9 to 2.4 eV,
conduction band, while in undistorted tetrahedron cubicexperimental measurements range from 1.3 to 2.8°8%:%!
Mg,NiH,, the indirect transition is from valence baid As the band gaps are indirect, the optical band gap is larger
point to conduction ban& point. The lower conduction than the indirect band gaps shown in Figs. 3 and 4. In con-
bands are Ni 4 orbitals plus some components of M@ 3 trast to the HT cubic phases wheeg rises from zero
orbitals for both systems. The similarity of these two systemsibruptly, s, for the LT structure has a shoulder extending to
demonstrates that the electronic structure is mainly conits indirect band gap. This is due to the lower symmetry of
the LT structure, which makes the forbidden transition in the
HT case allowed. This shoulder accounts for the 0.5 eV
lower optical band gap of LT MgdNiH, as compared with
HT Mg,NiH, with undistorted tetrahedral NiHgeometry.

-
[o2]

N
-
—

o
N
22ukeweme
I
o

2. Thin film transmittance

We compared the computed optical properties with mea-
surements of the transmittance of a thin film of MiH,. A
, 1.0 um thick Mg,Ni film was prepared on a fused silica
i substrate by cosputtering of Ni and Md 10 nm Pd over-

layer was added to catalyze hydrogen absorption. Exposure

l to gaseous hydrogen converted the film to,Mdd, and
caused it to expand to 1,@8m in thickness. The measured
transmission of the thin film and a calculated spectrum using
the dielectric functions in Fig. 5 are shown in Fig. 6. The
sample is too thick to reveal features above the optical band
gap, thus we will concentrate on the lower energy region.
FIG. 4. Electronic density of states for LT MiH, (solid line) and HT ~ The overall agreement between the measured and modeled
Mg,NiH, with regular tetrahedral Nijd(dashed ling transmissions might not look good at first glance. This is

-
o
T

DOS (electrons per formula unit/eV)
o]

o-.l‘-.l.'l

Energy relative to Fermi level (eV)
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0.7 The calculated LT MgNiH, to HT Mg,NiH, transition
Experimental enthalpy is considerably larger than reported experimental
""""" AT dist. tetr values. The calculated enthalpy of hydrogen absorption by
T HTreg tetn Mg,Ni is also somewhat larger than expected. Possibly the
hypothetical cubic structure is not the lowest energy HT
structure. More extensive calculations involving a superlat-
tice might yield a lower energy HT structure.

The electronic structure of LT M@liH, resembles that
of cubic MgNiH, with an undistorted tetrahedral hydrogen
configuration. It is a semiconductor with an indirect band
gap of 1.4 eV. The lower symmetry of LT MNyiH, pro-

----- LT Monoclinic

Optical Transmittance

0 1 , R \\ ; duces a shoulder in its dielectric constant that does not ap-
1.5 2.0 2.5 3.0 pear in the HT phase. This reduces the optical gap by about
Photon Energy (eV) 0.5 eV compared to that of the HT MNiH, with an undis-
FIG. 6. Experimental and calculated optical transmission spectra gfrh.3 tprted tetrahe.dral NiEl The tran5m|55|9n spec'trum of a thin
thick Mg,NiH,, film. film of Mg,NiH, at room temperature is consistent with the

calculated LT spectrum.
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